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I NTRODUCT IO N 
Geo-orbital systems of the  near fu ture w i l l  requi re  more sophist icated elec- 
t r o n i c  and electromechanical monitoring and cont ro l  systems than current  
s a t e l l i t e  systems w i t h  an emphasis i n  the  design on the  e lec t ron ic  densi ty  
and autonomy o f  t he  subsystem components. Hybrids which have t y p i c a l l y  
served as canponents i n  spacecraft e lectronics w i l l  have t o  assume the  r o l e  
o f  subsystems and even systems. This repor t  describes r e s u l t s  of a p ro jec t  
t o  develop, design, and implement a proof-of-concept sensor system f o r  space 
appl icat ions,  wi th  hybr ids forming the ac t i ve  subsystem components. The 
design o f  the so lar  powered hybrid sensor modules i s  discussed and module 
const ruct ion and func t ion  i s  described. These modules combined low power 
CMOS electronics,  GaAs so lar  ce l ls ,  a c rys ta l  o s c i l l a t o r ,  standard UART data 
formatt ing, and a b id i rec t i ona l  opt ica l  data l i n k  i n t o  a s ing le  1.25 x 1.25 
x 0.25 hybr id  package which has no need f o r  e l e c t r i c a l  i npu t  o r  output. 
Several modules have been b u i l t  and successful ly tested. Appl icat ions o f  
such a system f o r  fu tu re  space missions are also discussed. 
Use o f  trademarks o r  names.of manufacturers i n  t h i s  repo r t  does not cons t i t u te  
an o f f i c i a l  endorsement of such products o f  manufacturers, e i t h e r  expressed 
o f  implied, by the  National Aeronautics and Space Administrat ion. 
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PROJECT OVERVIEW 
The problem o f  providing a data gathering network composed of i n d i v i d u a l  
remote sensor modules for  use on large d e l i c a t e  s t ructures destined f o r  use 
i n  f u t u r e  space construct ion experiments provided the basis f o r  t he  concep- 
t u a l  system design. The basic sensor modules had t o  operate i n  a stand-alone 
mode, measure one o r  more physical parameters and communicate wi th  a cen t ra l  
con t ro l  canputer. I n  addit ion, they had t o  be small and l i gh twe igh t  t o  l i m i t  
t h e i r  e f f e c t  on the  vehic le launch weight and on *the dynamics o f  t he  s t ruc -  
design was the  des i re  t o  l i m i t  the complexity o f  t he  interconnections used 
f o r  intranetwork communication and power supply. Discrete wires not on ly  
con t r i bu te  t o  the ove ra l l  s t ruc tu re  weight, but also pose a problem t o  deploy- 
ment since these s t ructures are usually fo lded o r  are disassembled during 
launch and must e i t h e r  be unfolded o r  assembled once they reach ear th  o r b i t .  
The ideal sensor module would have no e l e c t r i c a l  connections t o  the  space 
c r a f t  e lect ron ics,  e l im ina t i ng  the  need f o r  t he  descrete wires altogether. 
To meet the  basic system requirements a self-contained, f l e x i b l e  sensor 
module was designed which was capable o f  making measurements o f  given physi-  
ca l  p a r a e t e r s  such as temperature, acceleration, o r  s t ra in ,  and t ransmi t t i ng  
t h i s  informat ion t o  a centra l  processing and con t ro l  un i t  upon request. The 
module was fabr icated as a s ing le canpact u n i t  w i t h  i t s  own in teg ra l  power 
supply. It was capable of funct ioning without physical connection t o  other  
u n i t s  u t i l i z i n g  a f ree  space op t i ca l  data l i n k  and i t  was, a t  l e a s t  i n  con- 
cept, able t o  operate outside o f  the spacecraft while i n  o r b i t .  
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THE MODULE DESIGN 
The sensor module was made up o f  four general subsystems: (1) the  power 
supply, (2 )  t he  data acqu is i t i on  section, ( 3 )  t he  contro l  section, ( 4 )  and 
the  communication section. 
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The power supply was an array of solar c e l l s  attached t o  the hybr id package. 
The t o t a l  p o w r  avai lab le t o  d r i v e  the hybr id c i r c u i t r y  was l i m i t e d  by 
i nc iden t  so lar  power, t he  conversion e f f i c i e n c y  o f  t he  so la r  ce l l s ,  and 
the  a c t i v e  area o f  t he  so lar  panel . Gallium Arsenide (GaAs) solar c e l l s  
exhib i ted a much higher conversion e f f i c i ency  and rad ia t i on  hardness than 
conventional s i l i c o n  c e l l s  and were, therefore, t he  best choice f o r  t h i s  
application.l,2 Using GaAs c e l l s  which t y p i c a l l y  e x i b i t  1648% ef f ic ienc ies,  
a hybr id w i t h  7 -&m2 so la r  c e l l  panel had an operational energy budget of 
175-2OQnW. 
The data acqu is i t i on  sect ion included two primary components: t he  sensors o r  
transducers and the  analog t o  d i g i t a l  converter, o r  ADC. h p l i f i e r s  and 
other  signal condi t ioning c i r c u i t s  could have been included t o  i n te r face  the 
sensors t o  the  ADC i f  required. 
The contro l  section coordinated the functions o f  the other sections. I t s  
basic funct ion was an on/off switch used t o  determine when the  module was t o  
be act ive.  The contro l  sect ion also provided the  hybr id modules wi th  the  
c a p a b i l i t y  o f  recognizing the correct request for  information codes and 
coordinated the t im ing  o f  data t ransfer  t o  insure data v a l i d i t y .  I n  general, 
cont ro l  i n  a module could have been implemented e i t h e r  as software o r  hard- 
ware. The more contro l  implemented by hardware, t he  fas te r  t he  system would 
be a t  gathering and processing data. Unfortunately, increasing the  hardware 
also increases the power and usual ly  the substrate area requirements. Using 
software control  requires the establishnent of a f a i r l y  complex minimum 
system usua l l y  inc lud ing a microprocessor, and can r e s u l t  i n  decreased proces- 
sing speed. I n  complex contro l  problems, the  subs t i t u t i on  of software f o r  
hardware can reduce the  power requirements o f  t he  system by mu l t i t ask ing  the  
ava i l ab le  hardware. The hybrids developed f o r  t h i s  pro ject  contained a hard- 
ware imp1 ementation o f  the contro l  section. 
The communication section was responsible for  receiv ing and t ransmi t t i ng  
information, and formed the  l i n k  between the contro l  computer and any remote 
sensors under i t s  cont ro l  . The most pract ica l  mode of data transmission was 
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s e r i a l  data over a b id i rec t iona l  data l i n k  due t o  the  minimal energy require- 
ments o f  s e r i a l  data transmission. as opposed t o  p a r a l l e l  methods. An o p t i c a l  
data l i n k  of fered the  opt ion o f  operation wi thout  wires o r  cables connecting 
the  data source t o  the  receiver. I n  addit ion, t he  o p t i c a l  data transmission 
was considered preferable t o  more conventional RF o r  microwave transmission 
systems since it w i l l  not  i n t e r f e r e  with the  spacecraft e lect ron ics.  
While many modulation schemes f o r  t ransmi t t ing d i g i t a l  data have been 
described, t he  method chosen as best sui ted f o r  ' t h i s  app l i ca t ion  was Fre- 
i m m u n i t y .  Noise immunity was considered an important f a c t o r  i n  f r e e  space 
data l i n k  since signal  t o  noise leve ls  are normal ly low. I n  FSK, d i g i t a l  
in fonnat ion  i s  t ransmit ted by modulating a ca r r i e r ,  i n  t h i s  case a puls ing 
i n f ra red  LED, using two d i s t i n c t  modulation frequencies. Data, i n  the  form 
o f  a ser ies o f  1 's  and 0 ' s  i s  transmitted by s h i f t i n g  the  output s ignal  
between the  tw frequencies corresponding w i th  the  d i g i t a l  state. Figure 1 
i l l u s t r a t e s  t h i s  p r inc ip le .  Demodulation i s  simply a matter of deciding 
which o f  t he  two frequencies i s  present dur ing a given t ime in te rva l .  Er ro r  
detect ion and f u l l  duplex communication was also implemented over the  s e r i a l  
data l i n e  a l lowing for sfngle b i t  e r ro r  detection, and simultaneous trans- 
mission and recept ion o f  data. 
.. quency S h i f t  Keying, o r  FSK.3 ics seiection was p r a i p t ~  'iy J L r  I c 3 II h4-h lyll l l W l  a s  
THE HYBRID MODULE 
F 
A 
gure 2 shows a b lock d 
canplete schenatic i s  
D i g i t a l  Converter (ADC) 
ag rm o f  t he  sensor module designed f o r  t h i s  program. 
shown i n  Figure 3. The combination of the  Analog t o  
and the  Universal Asynchronous Receiver/Transmi t t e r  
(UART) made up the  heart  o f  the  system. The ADC and UART had b u i l t - i n  c i r -  
c u i t r y  which functioned as most o f  the con t ro l l e r  section. The ADC, canbined 
wi th  the  temperature sensor used i n  these modules, formed the  data acquis i -  
t i o n  section. The UART, coupled t o  an FSK decoder, and some I / O  condi t ion-  
i n g  c i r c u i t s  served as the  communication sect ion and the  power supply was 
made up o f  an array o f  so lar  ce l l s .  The UART was an indust ry  standard CMOS 
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c i r c u i t  which was designed t o  handle ser ia l  data communication between two 
d i g i t a l  systems. I t ' s  funct ion was t o  convert 8 b i t  p a r a l l e l  data bytes, t o  
s e r i a l  form, adding a s t a r t  b i t ,  a p a r i t y  b i t ,  and two stop b i t s .  It also 
served t o  transform s e r i a l  data back i n t o  p a r a l l e l  form, checking f o r  p a r i t y  
and f ran ing errors  automatical ly. The data r a t e  was 110 baud and was clocked 
by a c r y s t a l  con t ro l led  o s c i l l a t o r  b u i l t  i n t o  the  ADC. The analog t o  d i g i t a l  
conversion was handled by a CMOS 12 b i t  in tegra t ing  ADC w i t h  an onboard 
c r y s t a l  o s c i l l a t o r  and separate h igh and low byte enabling. It was designed 
t o  i n te r face  d i r e c t l y  w i t h  8 b i t  data bus systems such as the  UART and, 
gathered a t  7.5 conversions/second w i th  the  3.58MHz o s c i l l a t o r .  Both ADC and 
UART were monol i th ic devices manufactured by I n t e r s i l  . The FSK decoding was 
accanplished by using a phase-locked loop FSK decoder ch ip  manufactured by 
EXAR. 
t=,ecef"re iq"jr& :itt:e ti; the ..*-.* w a j  -6 v i 4 n t a r C s r i n n  iiirsv ~ ~ ~ e v Q 3  r ip r l l i f ry -  ",, "".-. k t 2  *S 
Inputs  t o  the  modules i n  the form of a 6-8KHt i n f r a r e d  FSK signal  were 
detected by a p a i r  o f  i n f ra red  photodiodes. This s ignal  was ampl i f ied and 
t h e  l o w  frequency canponents were removed by two successive high pass f i l t e r  
sections. The FSK signal  was decoded by a FSK decoder and the  data passed on 
t o  the  UART. The FSK decoder was programmed t o  r e j e c t  s ignals outside o f  a 2 
KHt window around the  7KHt center frequency. Output in format ion from the  
module was transmit ted on a 9-11KHz opt ica l  FSK data l i n k .  The technique of 
s h i f t i n g  the  center frequencies o f  the two data l i n k  d i rec t i ons  helped 
decrease noise i n  the  data l i n k  caused by o p t i c a l  re f l ec t i on  and in te rna l  
capac i t i ve  coupling. This increased the data transmission distances which 
were obtained. 
The data f ran  the  hybr id was transmitted as two 8 b i t  bytes. The high byte 
contained 4 b i t s  o f  data, a p o l a r i t y  b i t  , an overrange b i t ,  and two f i l l e d  
b i t s .  A summary of the  data l i n k  proto- 
co ls ,  and data word organizat ion are given i n  Figure 4. 
The l o w  by te  contained 8 data b i ts .  
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The modules were designed t o  recognize a speci f ic  request f o r  informat ion 
code word, o r  RFI.  Until a module received the  co r rec t  RFI, i t  remained i n  
a stand-by mode w i t h  the output LED disabled. Each module was i n t e r n a l l y  
programmed t o  have a unique R F I  with the present system having seven d i f f e r -  
en t  RFI's. This unique RFI  code word enabled the  c o n t r o l l i n g  computer t o  
i n d i v i d u a l l y  access d i f f e r e n t  modules i n  the  same o p t i c a l  f i e l d .  I n  t h i s  
system, t h e  RFI code p a i r  255, 254 w i l l  access any o f  the seven modules. The 
RFIs p a i r  255, 254 should not be used i f  more than one module i s  i n  the  O C I  
f i e l d  of  view since i n v a l i d  data i s  l i k e l y  t o  occur. The number of unique 
R F I ' s  eijiild easily be expand& 127 #!thg!~+_ roqniring a s i g n i f i c a n t  change 
i n  module accessing protocols since there were 7 b i t s  avai lab le f o r  module 
i d e n t i f i c a t i o n  i n  the i npu t  data word. 
A t e s t  system operation cyc le  was designed t o  occur as follows. The contro l -  
l e r  communication opt ics  were f i r s t  positioned so t h a t  the seven sensors were 
w i t h i n  range. The c o n t r o l l e r  then polled each of these modules i n d i v i d u a l l y  
t o  get whatever informat ion each module had avai lable. To do t h i s ,  t he  
c o n t r o l l e r  f i r s t  sent out the R F I  code f o r  a spec i f i c  module, for  example 1. 
Reception o f  t h i s  code by module 1 did two  things. F i r s t ,  the op t i ca l  output 
of the hybr id was enabled and i t  began t ransmi t t i ng  the  llKHz r e s t  c a r r i e r  
signal. Second, the  UART module loaded the  next v a l i d  high order data byte 
i n t o  the  transmission r e g i s t e r  and transmitted it. It should be noted t h a t  
since o n l y  module 1 i s  a c t i v e l y  t ransmi t t ing a s ignal ,  it would be r e l a t i v e l y  
simple t o  set  up a c a r r i e r  detect system a t  the c o n t r o l l e r  end al lowing 
v e r i f i c a t i o n  o f  module response p r i o r  t o  attempting a data request. A f t e r  
t h e  c o n t r o l l e r  received the  f i r s t  data byte, a request for  t he  second byte 
was made. The request codes f o r  t he  f i r s t  and second data bytes d i f fered by 
t h e  presence o r  absence o f  a 1 i n  the Least S i g n i f i c a n t  B i t ,  o r  LSB, o f  the 
code word. A f te r  the c o n t r o l l e r  received the  second h a l f  o f  t he  data word i t  
then put the module i n  a stand-by mode, d isabl ing t h e  output of the module. 
This was accomplished by e i t h e r  requesting informat ion from another module o r  
by t ransmi t t ing an A S C I I  n u l l  character. A de ta i l ed  t iming diagram o f  
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signals w i t h i n  the module i s  given i n  Figure 5. Modules were accessed sequen- 
t i a l l y  o r  randanly as required. Since the op t i ca l  data l i n k  was an RS232 
based FSK system, the  canputer po r t  f o r  the c o n t r o l l e r  was r e l a t i v e l y  simple. 
An a r t i s t ' s  representation o f  modules on a s t ructure i n  space i s  presented i n  
Figure 6. 
SYSTEM I NTERFACI NG AND OPERAT I O N  
Project  requirements included the  development o f  ' a  canputer c o n t r o l l e r  f o r  
o f  canmunicating wi th  i nd i v idua l  modules using the op t i ca l  data l i n k .  I n  
add i t i on  t o  being capable o f  i n i t i a t i n g  contact w i t h  an i nd i v idua l  module and 
rece'iving the returned data words, the demonstration c o n t r o l l e r  had t o  be 
capable o f  d isp lay ing t h i s  information. A Radio Shack PC-2 pocket computer 
equipped wi th  a p r i n t e r  and a RS232 port was chosen as the  p ro jec t  demonstra- 
t i o n  con t ro l l e r .  In practice, any computer wi th  a RS232 p o r t  could have been 
used. The PC-2 used i n  t h i s  p ro jec t  could s tore and execute several hundred 
l i n e s  of  basic language code. It had the c a p a b i l i t y  o f  sending and receiv ing 
s i n g l e  8 -b i t  bytes through the  RS232 port and the p r i n t e r  could be used i f  a 
hardcopy o f  the data was required. I n  addi t ion the  PC-2 RS232 p o r t  was 
canpatable w i th  the  c m u n i c a t i o n  protocols used inc lud ing  the  data r a t e  o f  
110 BAUD, even pa r i t y ,  two stop b i t s ,  and the  e igh t  b i t  by te  length. It i s  
important t o  note t h a t  a l l  e igh t  b i t s  o f  the data and RFI bytes are used. 
The demonstration c o n t r o l l e r  had t o  be capable o f  accessing a l l  e igh t  b i t s  
even though A S C I I ,  the code format t y p i c a l l y  used i n  conjunct ion w i th  RS232 
data l i nks ,  i s  only a seven b i t  code. 
the piii-poses o f  d s i m s t r n t i n g  the  syste. This controller hzd t c !  be capable 
Communication between the  c o n t r o l l e r  and ind iv idual  sensor modules was 
designed t o  take place over a RS232 based op t i ca l  FSK data channel. An 
o p t i c a l  channel interface, o r  OCI,  was designed and constructed t o  handle 
the  conversion be twen  the  i n f r a r e d  opt ical  FSK signal and the +9V and -9V 
RS232 required by the PC-2 RS232 port.  A schenatic o f  t he  i n te r face  u n i t  i s  
shown i n  Figure 7. 
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The OCI transforms RS232 output signals from t h e  canputer i n t o  the  voltage 
l e v e l s  and modulates the  frequency of the pulsed output LEDs based on d i g i t a l  
l o g i c  s ta te  i n  a manner analogous t o  that  i n  the  output sect ion o f  the hybr id 
sensor modules. The pulsed LED output switches from 6-8KHz. Three LEDs were 
used t o  maximize the  op t ica l  output power o f  t h i s  l i n k .  The LEDs were dr iven 
by four NiCad ba t te r i es  b u i l t  i n t o  the  O C I  and a charging system was provided 
as p a r t  o f  t he  demonstration cont ro l le r .  The OCI can be operated whi le  the  
ba t te r i es  are being charged but a f u l l  charge on the ba t te r i es  should power 
the  system f o r  several hours o f  continuous use; The +5V, +9V, -9V, and 
cjmmi c m x x t f ~ n :  req~ir tx !  by the !XI !ere & r i e d  from those ava i lab le  i n  
t h e  PC-2 RS232 port.  Pins 25, 9, 20 o f  t he  RS232 connector were chosen as 
the  +5V, +9V, -9V connections respectively. These three power l i n e s  are the  
on ly  non-standard RS232 e l e c t r i c a l  connections requi red by the  OCI . 
Data words received by the  O C I  from the sensor modules were f i r s t  detected by 
a p a i r  o f  photo diodes. The signal was a p l i f i e d  by a two stage low noise 
ampl i f ier  and then band l i m i t e d  by a second order band pass f i l t e r .  The FSK 
signal  was then decoded by a XR2211 FSK decoder as i n  the  hybr id  c i r c u i t .  
F i n a l l y  t h e  s ignal  was transformed i n t o  the  RS232 compatable +9V and -9V 
vol tage leve ls  and output t o  the  PC-2 RS232 port. The RS232 cable w i r i ng  i s  
shown i n  Figure 8. Pins 4 and 5 were shorted i n  the  OCI so t h a t  a cor rec t  
"ready t o  send - ready t o  receive" s ta te was always maintained. The signal 
output on the  OCI was provided t o  assist  i n  alignment o f  t he  OCI and the  
sensor modules. Monitoring t h i s  output w i t h  an osci l loscope provided a 
v isual  i nd i ca t i on  o f  received signal  amplitude as wel l  as f a c i l i t a t e d  the  
analys is  o f  r e f l e c t i v e  in ter ference problems. 
The basic language program devel oped f o r  demonstration purposes, shown i n  
Figure 9, had three main sections. The f i r s t  sect ion was used t o  es tab l i sh  
module ID, and set some o f f s e t  variables which changed from one module t o  the  
next. Module I D  was entered by the  user i n  response t o  a query from t h e  
program. The user input  module ID, ranging from 1 t o  7, was then decoded by 
the  progran t o  es tab l i sh  the  appropriate RFI. This po r t i on  o f  the  program 
also p r i n t s  a header f o r  the hard copy output and sets up the  RS232 port f o r  
t he  cor rec t  communication protocols. 
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The second sect ion o f  the progran consist o f  output t ing the  RFI's determined 
i n  the  f i r s t  pa r t  o f  t he  program and receiving the  re tu rn  information from 
the  module. The RFI's were transmitted using a " p r i n t  # - 8 <variable>;" 
command. The 
p r i n t  H-8 canmand must be followed by a semi-colon o r  a carr iage re tu rn  
character w i l l  also be sent and the  data l i n k  w i l l  be interrupted. Since the  
RFI's could not be d i r e c t l y  t rans lated i n t o  ASCII characters, ( they use a l l  
e igh t  b i t s  un l ike standard ASCII which uses only  seven), t he  var iab le i n  the  
" p r i n t  # - 8" command was a CHR$ X X  where X X  i s  the decimal value o f  the RFI. 
This command sends the variable i n  brackets t o  the  RS232 port.  
' IPUbCU b111\4 ~ , , C *  ll,ua.. be used or  the RFI we!!!! he t r ans la ted  i n t o  ASCII d i g i t s .  
Data was r e d  i n t o  the PC-2 from t h e  RS232 p o r t  w i t h  the RINKEYd command. A 
f i n i t e  loop was designed i n t o  the  program t o  check f o r  reception o f  a data 
ward. The high order byte was requested and received p r i o r  t o  requesting t h e  
1 ow order byte. 
The f ina l  sect ion o f  t he  progran assembled the  12 b i t  data word sent by the  
sensor module by combining the  decimal values o f  t he  high and low order data 
bytes and removing the  four unused most s i g n i f i c a n t  b i t s .  This sect ion also 
manipulated the data based on the  o f f s e t  var iab le establ ished i n  the f i r s t  
p a r t  o f  t he  p r o g r a  and determine i f  the received data i s  w i t h i n  establ ished 
l i m i t s .  F i n a l l y  the r e s u l t  was displayed. 
The progran can be run by issuing a RUN command. Using a RUN 500 canmand 
bypasses the  header generation por t ion o f  the program, but s t i l l  allows the  
user t o  input  the module ID. The progrm i s  an i n f i n i t e  loop once i t  i s  
s ta r ted  so a BREAK command must be used t o  stop the  program. 
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SYSTEM COMPONENTS 
Solar Cel ls :  The so la r  c e l l s  were (ALGa) As-GaAs c e l l s  developed and manu- 
factured by Hughes Research Laboratories, Malibu, CA, 90265. The c e l l s  on 
t h e  hyb r id  Were cu t  f r a n  2 m  x 2cm c e l l s  using a diamond saw. Cel l  e f f i c i en -  
c i e s  p r i o r  t o  c u t t i n g  ranged f r a n  16.0112% t o  16.5140%. No attempt was made 
t o  determine c e l l  e f f i c i ency  a f t e r  cutt ing. More d e t a i l  about these c e l l s '  
s t ruc tu re  and c a p a b i l i t i e s  can be found i n  references 1, 2. 
Analog t o  D i g i t a l  Converter: A 12 b i t  CXX ADC, !CL??O9, z m u f a c t u r d  by 
I n t e r s i l  was used i n  t h e  hybrid. 
Universal Asynchronous Receiver/Transrni t t e r :  The UART used was a CMOS UART, 
IM6403, manufactured by I n t e r s i l  . 
IRLED: The hybr id  IRLED used was a SE-1450 GaAs l iqu id -EPI  photoemi t ter  
manufactured by Spectronics, Inc., a d i v i s i o n  of Honeywell . 
I R  Photodiode: The hybr id  I R  photodiodes used were SD-1420-2, s i l i c o n ,  
planar photodiodes manufactured by Spectronics, Inc. a d i v i s i o n  of Honeywell. 
FSK Decoder: A monol i th ic  FSK decoder, XR2211, manufactured by EXAR was used 
i n  both t h e  hybr id  and t h e  OCI, 
Operational h p l i f i e r :  A LM324 quad OP amp was used. Th is  ch ip  was .used as 
t h e  high pass f i l t e r / a n p l i f i e r  on the  hybrid op t i ca l  input .  
CMOS Schmitt Trigger Inver te r :  
was used i n  the  l oca l  o s c i l l a t o r s  and as d i g i t a l  i n v e r t e r s  fo r  various data 
l i nes .  
A CMOS hex Schmitt t r i g g e r  i nve r te r ,  54C14, 
CMOS Quad 3-Input and: A 4073B quad 3-input AND gate was used i n  various 
places i n  the  c i r c u i t .  
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Quartz Crystal :  A standard t o  sweep back o s c i l l a t o r  c rys ta l  3.5795 MHz was 
used . 
Demonstratian Contro l ler :  This i s  canposed of t he  op t ica l  canmunication 
in te r face ,  OCI,  and the  Radio Shack PC-2. The O C I  i s  discussed i n  more 
d e t a i l  i n  t he  System In te r face  Section and more d e t a i l  on the  PC-2 can be 
found i n  the  PC-2 manuals supplied as p a r t  o f  t he  contract  del iverables.  
PACKAG I NG 
The hybr id  modules consisted of a two sided, t h i c k  f i l m  substrate w i th  a 
Kovar r i n g  frane attached t o  one side and the  so la r  c e l l s  attached t o  the  
other side. The hybr id  e lec t ron ics  were assembled w i th in  the  c a v i t y  formed 
by the  r i n g  frane. The t h i c k  f i l m  substrate which formed the  package base 
was a two sided mu l t i l aye r  s t ruc tu re  wi th  four  gold me ta l l i za t i on  layers  on 
t h e  c i r c u i t  s ide and one on the  other side. Meta l l ized v ias  through the  
ceramic substrate were used t o  make e l e c t r i c a l  connections between the  two 
sides o f  the  substrate. The s ing le metal l ized layer  on the backside was used 
f o r  so la r  c e l l  attachment and interconnection, whi le  the  four l aye r  s ide 
supported and interconnected the  c i r c u i t  elements. ICs, ch ip  res is tors ,  and 
ch ip capaci tors  were attached using conductive epoxy and were w i  r e  bonded 
w i t h  1 m i l  gold wire. The 400 m i l  dianeter c r y s t a l  was mounted i n  one corner 
o f  t he  substrate w i th  three mounting c l i p s  which suspended it about 40 m i l s  
above t h e  substrate. This allowed the c rys ta l  t o  osc i l l a te ,  whi le  s t i l l  
prov id ing it w i th  f a i  r l y  rugged mechanical support 
The in f ra red  LED and photodiodes were purchased i n  hermetic p i g t a i l  s t y l e  
packages. These components were soldered i n t o  holes i n  the  r i n g  frame so the  
lenses faced i n  the  d i r e c t i o n  o f  the data l i n k .  The p i g t a i l  leads were 
formed down and connected t o  the  appropriate contacts on the  substrate. The 
r i n g  f rane was used as the  ground contact. Fol lowing assembly and t e s t  t he  
packages were sealed w i th  Kovar l i d s .  While the  prototype hybrids were not  
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hermetic, they could have been made hemet ic  by subs t i t u t i ng  seal ing glass o r  
solder f o r  t he  epoxy used t o  at tach the ringframe, f i l l i n g  the  substrate v ias 
w i t h  solder o r  glass, and Sean seal ing the l i d .  
The f i n a l  step i n  assembly was the  attachment and interconnect ion o f  t he  
so la r  ce l ls .  The so la r  c e l l  array was canposed o f  14 so la r  c e l l s  i n  th ree  
d i f f e r e n t  s ize  groups, which were interconnected t o  produce three separate 
voltages, t 5 V ,  +2V, and -5V. The size o f  t he  c e l l s  i n  each o f  the  three 
vol tage sect ions was d i f f e r e n t  so that  t he  surface area o f  t he  array, and 
hence t h e  cuprefit 3 - - . - 1 -  ---Am.eAA I t ~ v e ~ ~  ~ l u u u ~ c u  by each sect icn,  cnu!c! ha a!’!ncatc?d as 
required among the  th ree  vol tage supplies. The c e l l s  were mounted on the  
substrate wi th  conductive epoxy t o  reduce the  back contact  resistance and the  
c e l l s  were interconnected by a solder attached, .002 X .040 copper ribbon. A 
schematic representat ion o f  a po r t i on  o f  t h e  hybrid shown i n  cross sect ion i s  
shown i n  Figure 10. Although these c e l l s  required no covering, a glass p l a t e  
could have been bonded t o  the  c e l l s  with a su i tab le  adhesive t o  p ro tec t  them 
from mechanical damage. 
PROTOTYPE HYBRIDS 
Six operational prototype hybr ids were manufactured and successful ly tested; 
th ree  o f  these were tested w i t h  so la r  c e l l s .  Figure 11 i s  a photograph o f  
t he  hybr id  module showing both sides. The Kovar l i d  was removed t o  make the  
e lec t ron ic  canponents v i s i b l e .  The photograph i n  Figure 12 shows the  opt ca l  
1/0 p o r t i o n  o f  t he  hybr id.  i n  more deta i l  . The c rys ta l ,  mounted on posts, can 
be seen toward the  back o f  the  hybr id cav i ty .  Transmission distances o f  two 
meters have been obtained w i t h  the  so la r  powered versions. The e f f e c t i v e  
transmission distance was 1 imited pr imar i l y  by the  r e l a t i v e l y  low output 
power o f  the hybr id LED w i t h  respect t o  the  ambient l i g h t  l eve l s  and by re-  
f lec ted  i n f ra red  s ignals  from the  con t ro l l e r  output stage. The t o t a l  o p t i c a l  
output power was somewhat l e s s  than 0.23 W i n  a 10’ beam. I n  pract ice,  
transmission distances could be increased t e n f o l d  by using higher output 
-12- 
l ase r  diodes. Other techniques such as op t i ca l  concentraters a t  t he  receiv-  
i n g  end, feedback contro l  o f  the photodiode s e n s i t i v i t i e s  o r  increased photo- 
diode surface area, would also increase the  transmission distances. I n  the  
present system, the  c o n t r o l l e r  t o  hybrid data l i n k  was l i m i t e d  o n l y  by the  
output power o f  the c o n t r o l l e r  IRLEDs. 
APPLICATIONS 
There are several appl icat ions for a system s i m i l a r  t o  the one described. 
t h i s  appl icat ion,  each module monitors one o r  more physical parameters, 
repor t ing data t o  the  c o n t r o l l e r  upon request. This concept could be expanded 
by increasing the  i n t e r n a l  processing a b i l i t y  o f  t he  i nd i v idua l  modules and 
adding some non-volat i le  memory. A module so equipped could monitor several 
var iables without inputs  from the contro l ler .  This informat ion could be stored 
i n  the onboard memory and transmit ted t o  t he  c o n t r o l l e r  i n  a block whenever the  
contro l  1 e r  requi red inputs from the  modules. 
ine first i s  the data g a t h ~ r i n g  netiork cn 'whlch  t h i s  wnrk was based.  I n  
An extension o f  t h i s  scheme would be t o  design smart modules; modules w i t h  
onboard microprocessors. A given module could then monitor and process the  
i nfonnation from i t s  associated sensors. The contro l  l e r  would receive only 
the  end r e s u l t  o f  t he  processing and wou d not have t o  spend t ime analyzing 
t h e  raw data. T h i s  type of  module could even be progranmed t o  i n i t i a t e  con- 
t a c t  wi th  the  c o n t r o l l e r  i f  i t  detected a condi t ion which warranted immediate 
at tent ion.  
A l l  o f  these systems are based on a s t a r  network des'ign as shown i n  Figure 
13; I n  a s t a r  network, a l l  o f  the elements of t he  system communicate wi th  a 
centra l  c o n t r o l l e r  only, and not w i t h  each other. A system o f  modules could 
be developed which would communicate among themselves as well  as wi th  a 
c o n t r o l l e r .  More spec i f i ca l l y ,  a module w i t h  some processing and con t ro l  
c a p a b i l i t y  could be developed which could t ransmit  and receive informat ion i n  
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two o r  more d i rect ions.  These modules would act as loca l  cont ro l  systems and 
as re lay  points on a long segmented ser ia l  bus network. This type o f  bus 
organizat ion i s  i l l u s t r a t e d  i n  Figure 14. I f  the main c o n t r o l l e r  required 
informat ion from an area out along the chain, it would send a message request- 
ing  t h i s  information. The message would be received and passed along by each 
successive l i n k  i n  the  chain u n t i l  t he  appropriate con t ro l  po int  was reached. 
The i n f o m a t i o n  requested would then be gathered from t h e  peripheral sensor 
modules and passed back along the  chain t o  the c o n t r o l l e r .  This scheme can 
be expanded i n  a manner s i m i l a r  t o  the  s t a r  conf igurat ion.  I n  add i t i on  t o  
tne sei.$a; L..- -..-A- vu3 3J3'UlI, a relay r i n g  structure dep!ct& !!! F!gure 15 
could be designed where each module transmitted i n  on ly  one d i rect ion.  I n  
t h i s  system, there i s  l ess  of a chance f o r  intermodule interference. M u l t i -  
p l e  sensors could also be mult ip lexed onto a s ing le sensor module as shown i n  
Figure 16. A module could also be designed t o  contro l  mechanical functions 
on the spacecraft. 
CONCLUSION 
Three sel f -contained solar powered hybrid sensor modules were b u i l t  and 
tested. They met the  pro ject  goals o f  minimal module weight and no e l e c t r i c a l  
interconnections. The pro ject  proved the f e a s i b i l i t y  o f  designing a complete 
hybr id sensor module which could perform the  required data gathering and 
communication funct ions and s t i l l  be able t o  funct ion on the power output 
o f  an i n teg ra l  so lar  power supply. For t he  most part ,  standard f a b r i c a t i o n  
processes Were used. When non-standard techniques were requi red , the devel oped 
techniques e r e  compatible w i t h  standard hybr id processing. The use o f  a f ree  
space op t i ca l  data l i n k  between a hybrid and a c o n t r o l l i n g  computer has been 
demonstrated and methods f o r  improving t h i s  l i n k  have been i d e n t i f i e d .  F ina l l y ,  
a hybr id  module which functioned i n  a large p a r t  as a separate system has been 
designed and b u i l t .  While much work remains t o  be done t o  produce an actual 
working system f o r  space appl icat ions,  t he  i n i t i a l  r e s u l t s  seem very promising 
and there seem t o  be many appl icat ions o f  such a system. 
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BINARY . 'd" 
FSK 
ENCODED 
SIGNAL 
b 
FIGURE 1: FSK DATA TECHNIQUE SHOWNING CORRESPONDENCE BETWEEN 
FREQUENCY AND DATA STATE. 
FIGURE 2: BLOCK DIAGRAM OF HYBRID MODULE. 
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i 
f 
i '  2 
i 
Y 
DATA WORD ORGANIZATION 
1 1 POL OII B12 011 B10 W w 0 7 U l b Y  
MODULE RFI: 
MODULE ID 
1 
2 
4 
5 
6 
7 
ALL 
9 
w 
DECIMAL CODE 
HIGH-8YTE RFI LOW-BYTE RFI 
129 128 
65 64 
17 16 
9 8 
5 4 
3 2 
255 2 54 
79 --9 .... 
COMMUNI CAT1 ON PROTOCOL 
WORD LENGTH : 0 eiis 
DATA RATE: I10 UAUO 
PARITY : EVEN 
STOP B I T S :  TWO 
W O R D  PROTOCOL 
STOP BITS 
START g W R I T Y  
DATA 
F I G U R E  4: COMMUNICATION PROTOCOLS AND DATA WORD ORGANIZATION.  
-18- 
- - -  - e  I - - - - -  
- -  
I- 1: z 
- -  
I 
Y 
2 
3 
f --r- --\I 
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F I G U R E  5: T I M I N G  DIAGRAM. 
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FIGURE 6:  ARTISTS CONCEPTION OF MODULES I N  PLACE ON A ' S E C T I O N  OF A SPACE STATION. 
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ORIGINAL PAGE IS 'a pOOR QUALITY 
- 
OCI 
TD 
RD 
TS 
RD 
..2 21 
..3 3 1. 
RTS 
C T S  
V C +  
T v c -  vc- 110 101 
PC 2 
RTS 
CTS 
v c t  
,4 4 .. 
5 5 .. 
..9 9 .. 
voD 
1 
,. 25 2 51 
I "DO 
FIGURE 8: RS232 CABLE W I R I N G .  
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REPRESENTATIVE PROGRAM 
500 
510 
520 
525 
530 
5 35 
540 
545 
550 
555 
560 
565 
5?!! 
575 
580 
5 85 
5S? 
590 
5 95 
600 
610 
620 
6 30 
6 35 
640 
6 50 
660 
6 70 
750 
7 60 
770 
7 80 
7 90 
800 
80 5 
81 0 
850 
'ICi' WAIT 5 
SETCOMl10,8 ,E, 2 
INPUT "MODULE I D  " : I D  
I F  I D  = 2 THEN LET PSO = 64: LET TARE = 100.00 L E T  SCALE = 1000: GOTO 560 
I F  I D  = 3 THEN LET PSO = 32: LET TARE = - 565.0 LET SCALE = 1000: GOTO 560 
IF  I D  = 4 THEN LET PSO = 16: LET TARE = 000.0 L E T  SCALE = .001: GOTO 560 
I F  I D  = 5 THEN LET PSO = 8: LET TARE = 000.9 LET SCALE = .001: GOTO 560 
I F  I D  = 6 THEN LET PSO = 4: LET TARE = 134.2 LET SCALE = 1000: GOTO 560 
I F  I D  = 7 THEN LET PSO = 2: LET TARE = 2526 LET SCALE = 10: GOTO 560 
PRINT " I N V A L I D  NUMBER":PAUSE: GOTO 520 
INPUT "DO YOU WANT A PRINTOUT? ":ANS$:COLOR 2 : L F l  
I N  ANSS = " Y l l  THEN LPRINT :LPRINT "MODULE DATA:"COLOR 0 
BVTST AT !I 
PRINT # - 8, CHRS 0: 
PRINT # - 8, CHRS 0: 
PRINT # - 8, CHRS PSO: 
PRINT # - 8, CHRS PSO: 
PAUSE 
PRINT # - 8, CHRS (PSO + 1): 
FOR I = 1 TO 5 
B$ = RINKEYS: I F  BS < > * *  THEN 635 
PAUSE 
NEXT I 
PRINT # -8, CHR$ PSO: 
FOR J = 1 TO 5 
A$ = RINKEYS: I F  AS < > I' 'I THEN 670 
NEXT J 
PRINT # - 8, CHR$ PSO: 
REM PRINT ASC BS: ASC AS:I:J 
TEMP 
R EM 
( ( (  ASC B$ -224) * 256 + ASC AS) - TARE) / SCALE 
I F  TEMP <( -10) THEN 585 
REM I F  TEMP > 50 THEN 585 
PRINT "MODULE *:ID:"TEMP:" *'I 
IF  ANSS = " Y "  THEN LPRINT "MODULE ":ID:" =" : ID 
PRINT "MODULE 'I :ID:" ="TEMP 
GOTO 595 
END 
FIGURE 9: BASIC LANGUAGE PROGRAM. 
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KOVAR RINGFRAME 
,LED OR PHOTODIODE 
IC WITH WIREBONDS 
0- OPTICAL 
AXIS 
THICKFILM SUBSTRATE 
GaAs SOLAR CELL 
\ ' METAL I ZED 
SUBSTRATE VIA 
'COPPER RIBBON INTERCONNECT 
FIGURE 10: HYBRID PACKAGE STRUCTURE. 
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FIGURE I I :  PHOTOGRAPH SHOWING BOT! SIDES OF THE SOLAR POWERED HYBRTO, 
F IGURE 3.2: CLOSE-UP OF THE 4./0 SECTION OF A HYBRID MODULE,  
T H E  TWO PHOTODIODES A R E  ON THE R I G H T  AND THE L E D  
IS T O  THE LEFT- 
CONTROL COMPUTER 
SOLAR POWERED HYBRIDS 
4 4 I 
D 
FIGURE 13: STAR NETWORK CONFIGURATION. 
PER IPH ER AI. 
OPTICAL 
FIGURE 14: SEGMENTED SERIAL BUS NETWORK. 
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R E LAY /SENSOR 
ONE DIRECTION 
COMPUTER 
FIGURE 15: RELAY RING CONFIGURATION. 
* 
b 
\ 
MULTIPLE SENSOR - T/R MODULE CONTROL 
SENSORS COMPUTER 
FIGURE 16: MULTIPLE SENSOR C A P A B I L I T Y .  
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Geo-orbital systems of the near future will require more sophisticated 
electronic and electromechanical monitoring and control systems than current 
satellite systems with an emphasis in the design on the electronic density 
and autonomy of the subsystem components. This paper describes some results 
of a project to develop, design, and implement a proof-of-concept sensor 
system for space applications, with hybrids forming the active subsystem 
components. 
discussed and module construction and function is described. These modules 
combined low power CMOS electronics, GaAs solar cells, a crystal oscillator, 
standard UART data formatting, and a bidirectional optical data link into 
a single 1.25" x 1.25" x 0.25" hybrid package which has no need for electrical 
input or output. Several modules have been built and tested. 
of such a system for future space missions are also discussed. 
The design of the solar powered hybrid sensor modules is 
Applications 
1 R u i p * m r  clOIo# Ns. 
r. A- Daw 
b Worming Or@zrtiar 
a ~ r t o r m i q ~ l g n i u t i o n  n v  NO. 
10. w- unit NO. 
March 1985 
11. contrwt QI G8nt No. 
NASI -1 7 179 
Contractor Report 
13. T y p  of R o p m  md %id bvrd 
14. Soornoring A ~ r n c y  codr 
Solar Powered Hybrid 
Solar Powered Hybrid Sensor 
L Sruiy clrit. (d Wnpom 
Unclassified 
Limited distribution until 
March 1986 
a. sruity W f .  (of thil #r) 21. Mo. of P8gn 2 2  R*. 
Unclassified 
. .. 
